A-kinase anchoring protein (AKAP) Dopamine Histone deacetylase (HDAC) Histone deacetylase inhibitor (HDAC inhibitor) Brain derived neurotrophic factor (BDNF) Ventral tegmental area (VTA) Early life stress Maternal deprivation (MD) Epigenetics Histone acetylation A B S T R A C T Severe early life stressors increase the probability of developing psychiatric disorders later in life through modifications in neuronal circuits controlling brain monoaminergic signaling. Our previous work demonstrated that 24 h maternal deprivation (MD) in male Sprague Dawley rats modifies dopamine (DA) signaling from the ventral tegmental area (VTA) through changes at GABAergic synapses that were reversible by in vitro histone deacetylase (HDAC) inhibition which led to restoration of the scaffold A-kinase anchoring protein (AKAP150) signaling and subsequently recovered GABAergic plasticity (Authement et al., 2015) . Using a combination of in situ hybridization, Western blots and immunohistochemistry, we confirmed that MD-induced epigenetic modifications at the level of histone acetylation were associated with an upregulation of HDAC2. MD also increased Akap5 mRNA levels in the VTA. Western blot analysis of AKAP150 protein expression showed an increase in synaptic levels of AKAP150 protein in the VTA with an accompanying decrease in synaptic levels of protein kinase A (PKA). Moreover, the abundance of mature brain-derived neurotrophic factor (BDNF) protein of VTA tissues from MD rats was significantly lower than in control groups. In vivo systemic injection with a selective class I HDAC inhibitor (CI-994) was sufficient to reverse MD-induced histone hypoacetylation in the VTA for 24 h after the injection. Furthermore, HDAC inhibition normalized the levels of mBDNF and AKAP150 proteins at 24 h. Our data suggest that HDAC-mediated targeting of BDNF and AKAP-dependent local signaling within VTA could provide novel therapeutics for prevention of later-life psychopathology.
Introduction
Child abuse and neglect are shown to increase the risk of developing stress-related disorders and substance abuse. This increased vulnerability seems to be related to brain monoaminergic dysfunction which includes an altered dopamine (DA) signaling from the ventral tegmental area (VTA) (Authement et al., 2015; Heim and Nemeroff, 2002; Pena et al., 2017; Sinha, 2008; Strathearn, 2011) . Early life stressors also have a significant impact on epigenome, including histone modifications that may underlie subsequent changes in gene expression, synaptic plasticity and behavior (Abel and Zukin, 2008; Heim and Binder, 2012; Klengel and Binder, 2015; Levine et al., 2012; Palmisano and Pandey, 2017; Tesone-Coelho et al., 2015) . One of the robust longlasting histone modifications associated with severe early life stress are histone deacetylase (HDAC)-mediated changes in histone acetylation (Adler and Schmauss, 2016; Levine et al., 2012; Tesone-Coelho et al., 2015; Xie et al., 2013) . In general, histone deacetylation by HDACs is associated with chromatin condensation and gene repression. On the other hand, blocking histone deacetylation by HDAC inhibitors can increase histone acetylation to possibly promote gene expression through chromatic relaxation. HDAC inhibitors have shown great potential for treatment of age-associated cognitive and memory impairments by improving synaptic plasticity (Penney and Tsai, 2014) . Moreover, HDAC inhibitors have also been shown to have antidepressant properties and ameliorate symptoms of post-traumatic stressand Binder, 2015; Palmisano and Pandey, 2017) .
We have also shown that acute morphine-induced synaptic plasticities in VTA DA neurons involved HDAC-mediated changes in histone acetylation and were also reversible by in vitro application of an HDAC inhibitor through increases in histone acetylation (Authement et al., 2016; Langlois and Nugent, 2017) . We demonstrated that a 24 h early maternal deprivation (MD, an animal model of child abuse), on postnatal day 9 (P9) induces synaptic abnormalities at GABAergic synapses onto VTA DA neurons through disruption of AKAP79/150 (human 79/ rodent 150; also known as AKAP5) signaling in juvenile rats that might also be targeted by HDACs during MD (Authement et al., 2015) . AKAPs were first discovered as the scaffold proteins that principally mediate the crosstalk of cAMP/PKA signaling with other signaling pathways. Although AKAPs identified to bind to the type II regulatory subunit of PKA (RII); it is now known that AKAPs have several binding sites for other signaling molecules including protein kinase C, protein phosphatases including calcineurin (CaN), G-protein coupled receptors, adenylyl cyclases and phosphodiesterases. AKAPs tether these signaling enzymes with their substrates (for example, synaptic AMPA, NMDA and GABA A receptors and ion channels) within distinct subcellular compartments for specific spatial and temporal interplay of postsynaptic signaling molecules in synaptic plasticity and neuronal function, as well as in synaptic and neuronal dysfunction associated with disease (Esseltine and Scott, 2013; Wild and Dell'Acqua, 2018; Woolfrey and Dell'Acqua, 2015) . Therefore, therapeutic targeting of AKAP-directed signaling has become an emerging and novel concept in selective normalization of dysfunctional signaling pathways assembled by AKAPs in neurological disorders (Wild and Dell'Acqua, 2018) . We found that MDinduced GABAergic metaplasticity (an increased susceptibility of GABAergic synapses to induction of AKAP150-dependent long-term depression, LTD) and dysregulated AKAP signaling could be reversed with local in vitro HDAC inhibition in the VTA, suggesting the potential clinical benefits of targeting of AKAP signaling within the VTA by HDAC inhibitors soon after the stress. Given that MD-induced disruption of AKAP signaling was associated with significant increases in the levels of AKAP150 expression in VTA DA neurons (Authement et al., 2015) , this suggested that MD may induce HDAC-mediated transcriptional changes in specific signaling molecules that directly interact with AKAPs or act upstream from AKAP signaling. In fact, activity-dependent alterations of brain-derived neurotrophic factor (BDNF) transcriptional levels and BDNF expression act upstream to regulate proteasome-dependent synapse remodeling and synaptic protein concentrations including synaptic levels of AKAP150 (Jia et al., 2008) . Moreover, early life adversity results in epigenetic changes in BDNF gene expression and signaling that are critical for synaptic plasticity (Adler and Schmauss, 2016; Daskalakis et al., 2015; Palmisano and Pandey, 2017; Roth et al., 2009) .
Here, we investigated whether reversible HDAC-mediated histone modifications were associated with MD in the VTA and tested the effects of a single in vivo injection of a cell permeable potent selective class I HDAC inhibitor (CI-994, also called N-acetyldinaline or tacedinaline) on MD-induced changes at the level of histone acetylation, BDNF protein levels and AKAP gene expression within the VTA. We found that MD indeed increased HDAC2 (a class I HDAC) expression specifically in VTA DA neurons and is associated with a reduction of histone H3 acetylation at lysine 9 (Ac-H3K9). MD also reduced levels of BDNF protein while increased synaptic levels of AKAP150 protein in the VTA, and these changes were reversible by the in vivo HDAC inhibition 24 h after the injection (see our model in Fig. 7 ). Taken together, our results suggest that a single in vivo HDAC inhibition soon after the stress may be sufficient to epigenetically ameliorate MD-induced changes in BDNF signaling that may act upstream to regulate subcellular organization of AKAP150 complexes in VTA synapses.
Materials and methods
All experiments were carried out in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals and were approved by the Uniformed Services University Institutional Animal Care and Use Committee. All efforts were made to minimize animal suffering, and to reduce the number of animals used.
Maternal deprivation procedure
Half of the male pups in litters of Sprague-Dawley rats (Taconic Farms) at P9 were isolated at 10:00 a.m. from the dam and their siblings for 24 h (MD group). The isolated rats were placed in a separate quiet room and kept on a heating pad (34°C) and not disturbed until being returned to their home cage 24 h later. The remaining non-separated male rat pups received the same amount of handling but were kept with the dam serving as the non-maternally deprived control group (non-MD group). Rats were maintained on a 12 h light/dark cycle and provided food and water ad libitum. The animals were taken for study during the light period, between 3 and 5 h after light was turned on. Each day, two MD and non-MD rats (age-matched) from the same litter were sacrificed over days P14-21 for electrophysiology recordings, immunohistochemistry and Western blotting. We blindly performed the analysis with respect to the treatment of the rats to reduce the potential for investigator bias.
Slice preparation for Western blotting
Rats were anesthetized with isoflurane and immediately decapitated. The brains were quickly dissected and placed into ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 21.4 NaHCO 3 , 2.5 KCl, 1.2 NaH 2 PO 4 , 2.4 CaCl 2 , 1.00 MgSO4, 11.1 glucose, 0.4 ascorbic acid, saturated with 95% O 2 -5% CO 2 . Horizontal slices were cut at 300 μm for Western blot experiments.
HDAC inhibitor treatment
Sprague-Dawley male rats (P14-P21) (non-MD or MD) received either one intraperitoneal (i.p.) injection of CI-994 (10 mg/kg) dissolved in 1% Tween80 (vehicle) or an injection of comparable volumes of 1% Tween80 (vehicle) 24 h prior to sacrifice for immunohistochemical or Western blot studies.
Western blotting
The VTA was dissected bilaterally from horizontal slices (300 μm) of non-MD or MD rats in ACSF and then snap frozen in liquid nitrogen and stored at −80°C. Tissues were thawed, washed in ice-cold PBS and lysed in RIPA buffer containing protease inhibitors (Sigma). Samples were then sonicated, incubated on ice for 30 min and centrifuged at 10,000g for 20 min at 4°C. Protein concentration in the supernatant was determined by Pierce BCA Protein Assay Kit (Life Technologies). Equal amounts of protein (20 μg) were combined with loading buffer, boiled for 5 min, and loaded onto 4-20% precast polyacrylamide gel (Bio-Rad Laboratories). Separated proteins were transferred onto nitrocellulose membranes, blocked with casein-based blocking reagent (IBlock, Life Technologies) for 60 min at room temperature and then incubated overnight at 4°C with antibodies recognizing HH3 (1:10,000, Abcam ab1791), antibody against PKA regulatory β2 subunit (1:5000, Abcam, ab75993), antibody against PSD95 (1:500, Cell signaling 362,333), antibody against ac-H3K9 (1:1000 cell signaling 3649), antibody against calcineurin subunit A (1:2000, Abcam ab3673), antibody against AKAP150 (1:500, Santa Cruz Sc-6445), antibody against mature BDNF(mBDNF, 1:1000 ab108319), antibody against vinculin (1:1000, Abcam ab129002) and antibody against β-actin (1:10,000, Abcam, ab6276). Secondary antibodies used were HRP-linked specific for rabbit (1:2000, Cell signaling), mouse (1:2000, Cell signaling) and goat (1:5000, Abcam ab97110) IgG. After incubation, the membranes were washed with PBS-T and exposed to the appropriate horseradish peroxidase-linked secondary antibody (Cell Signaling). Blots were developed with Clarity Western ECL Substrate (Bio-Rad Laboratories) and detected using a BioRad ChemiDoc Touch image acquisition system (BioRad Laboratories, Hercules, CA, USA). Data was analyzed using ImageJ software. Total abundance of target protein was normalized to appropriate endogenous control. All data were normalized to non-MD group with summary data reported as fold change.
Subcellular fractionation
The subcellular fractionation method was modified from (Hallett et al., 2008) . In brief, VTA tissues were collected from non-MD and MD rats via horizontal sectioning (300 μm). Tissues were homogenized and lysed using TEVP buffer (1 mM Na3VO4, 1 mM EDTA, 1 mM EGTA, 1 M Tris pH 7.5, phosphotase inhibitor, protease inhibitor) containing sucrose (320 mM). Samples were then centrifuged at 800g for 10 min at 4°C to yield both P1 and S1 segments. TEVP buffer was then added to S1 segments and centrifuged at 9200g for 15 min at 4°C to yield S2 and P2 segments. P2 represents the crude synaptosomal membranes. P2 fractions were suspended with TEVP buffer containing sucrose, and transferred to polycarbonate microcentrifuge tubes (Beckman Coulter). Samples were centrifugated using Optima Max Ultracentrifuge (Beckman Coulter, Indianapolis, IN, USA). Samples were ultracentrifugated at 25,000 g for 20 min at 4°C to yield LS1 and LP1. The LP1 fractions contained the synaptosomal membranes and contents; this fraction was then used to perform western blot for protein expression specifically in the synaptic compartment, as described above.
Immunohistochemistry and image analysis
Non-MD and MD rats were anesthetized with an intraperitoneal injection containing ketamine (85 mg/kg) and xylazine (10 mg/kg) and perfused through the aorta with 300 ml of heparinized 1× phosphate buffered saline (PBS) followed by 250 ml of 4% paraformaldehyde (PFA, USB, Cleveland, OH). The brains were dissected and placed in 4% PFA for 24 h and then cryoprotected by submersion in 20% sucrose for 3 days, frozen on dry ice and stored at e70C until sectioned. Sections of Representative Western blots and quantitative data of total levels of Ac-H3K9 and β-actin (control) in VTA homogenates from non-MD and MD rats. In this and all subsequent figures * denotes statistical significance and average graphs show means ± SEM from biological replicates or rats for each condition. Also in all western blots, fold-change quantification was pre-normalized to endogenous control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) the VTA were cut using a cryostat (Leica CM1900) and mounted on slides. Serial coronal sections (20 μm) of the midbrain containing the VTA (from −4.92 to −6.72 mm caudal to bregma; Paxinos and Watson, 2007) were fixed in 4% PFA for 5 min and washed in 1× PBS then blocked in 10% normal horse serum (NHS) containing 0.3% Triton X-100 in 1× PBS for 1 h. Sections were incubated in rabbit anti-tyrosine hydroxylase (anti-TH) (1:1000, Calbiochem, San Diego, CA.), goat anti-AKAP150 (1:500, Santa Cruz Biotechnology, Santa Cruz, CA.) in carrier solution (0.5% NHS in 0.1% Triton X-100 in 1× PBS) overnight at room temperature. After rinsing in 1× PBS, sections were incubated for 2 h in Alexa Fluor® 488 labeled chicken anti-goat IgG and Alexa Fluor® 568 labeled donkey anti-rabbit IgG (both diluted 1:200). For double immunofluorescence of TH and HDAC2, serial coronal sections of the midbrain containing the VTA were fixed in 4% PFA for 5 min, washed in 1× PBS, and then blocked in 10% normal goat serum (NGS) containing 0.3% Triton X-100 in 1× PBS for 1 h. Sections were then incubated in rabbit anti-TH (1:1000; Calbiochem) and mouse anti-HDAC2 (1:1000; Abcam) in carrier solution (0.5% NGS in 0.1% Triton X-100 in 1× PBS) overnight at room temperature. After rinsing in 1× PBS, sections were incubated for 2 h in Alexa Flour 488-labeled goat antimouse IgG and Alexa Flour 568-labeled goat anti-rabbit IgG (both diluted 1:200). Finally sections were rinsed in 1× PBS, dried, and cover slipped with Prolong mounting medium containing DAPI to permit visualization of nuclei. Background staining was assessed by omission of primary antibody in the immunolabeling procedure (negative control). VTA tissue sections of rats with previously established presence of TH/ AKAP150 or TH/HDAC2 immunoreactive neurons were processed as positive control tissue. Images were captured using a Zeiss Confocal Inverted Microscope System (Carl Zeiss Inc.) 40×/1.4 n.a. oil Representative Western blots and quantitative data of synaptic (LP1) and total levels of CaN A subunit in LP1 fractions or total homogenates of VTA from non-MD and MD rats. Fig. 3 . MD was associated with higher levels of Akap5 mRNA in the VTA Relative expression of Akap5 mRNA with representative images in the VTA from non-MD and MD rats is shown.
immersion objective. For HDAC2 density quantification three AP locations (−5.4, −5.7, and − 6.0 relative to bregma) were studied. At three AP locations, total of eighteen TH positive neuron were identified within the VTA. From each TH positive neuron two HDAC2 density readings (3 μm × 3 μm) were taken from the somatic region (clearly labeled with TH) and nuclear region (clearly labeled with DAPI). Three background density readings were taken from an area clearly not labeled with HDAC2. All density readings were normalized to background. For each AP location normalized density readings were averaged across the neurons.
In situ hybridization procedure
An Akap5 probe corresponding to nucleotides 949-1367 of rat Akap5 cDNA (accession number NM_133515) was used for all in situ hybridization procedures.
35
S-UTP-labeled riboprobes were synthesized using T7 (antisense) RNA polymerase. After incubation at 37°C for 1 h, probes were treated with DNase I, precipitated and re-suspended. Sections were fixed in 4% formaldehyde followed by two 5 min washes in 1× PBS. They were then placed in 0.25% acetic anhydride/ triethanolamine (1.5%) for 10 min and rinsed in 2× SSC twice for 5 min each. Sections were dehydrated in ascending ethanol concentrations (70, 80, 95, and 100%) and then air-dried. Antisenselabeled probes (2.04 × 10 6 dpm/100 ul) were hybridized to tissue sections overnight at 55°C in hybridization buffer (20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 300 mM NaCl, 50% formamide, 10% dextran sulfate,1× Denhardt's). Slide-mounted sections including VTA (from -5.4 to −6.0 mm caudal to bregma) were rinsed in 4× SSC at room temperature to remove coverslips and then washed four times for 5 min each in 4× SSC containing 1 mM dithiothreitol (DTT). Free probe was removed using 20 mg/ml RNase (Sigma, St. Louis,MO, USA) in buffer (0.5 M NaCl, 0.01 M Tris-HCl, 0.25 mM EDTA) at 37°C for 30 min. After rinsing twice in 2× SSC/1 mM DTT, then once in 1 x SSC/1 mM DTT and once in 0.5 x SSC/1 mM DTT (all rinses for 5 min), sections were washed twice for 30 min in 0.1× SSC, 1 mM DTT at 65°C. Sections were cooled in 0.1× SSC, 1 mM DTT at room temperature and then dehydrated in ascending ethanol concentrations (70, 80, 95, and 100%) and then air-dried. Hybridized slides were then exposed to Hyblot CL film (Denville Scientific, Holliston, Ma.) for 5 days. A slide containing 14C microscale standards was also exposed to the film (ARC, St Louis, MO). The autoradiogram was digitized and optical density readings were taken from the VTA at −5.4, −5.7 and − 6.0 mm caudal to bregma. Density readings were also taken from the 14C micro scale standards at 0, 0.63, 0.193, 0.324, 0.453, 0.573, and 0.7 uCi/g in order to generate a standard curve. Data was generated by comparing the sample readings to the standard curve.
Data analysis
Values are presented as means ± SEM. Statistical significance was determined using unpaired or paired two tailed Student's t-test or twoway ANOVA with Bonferroni post hoc analysis. The threshold for significance was set at *p < .05 for all analyses. All statistical analyses were performed using GraphPad Prism 7.
Results

MD increased HDAC2 expression in VTA DA neurons and induced histone hypoacetylation in the VTA
Here, we performed HDAC2 double immunofluorescence using antibodies against TH (a marker for DA neurons) and HDAC2 as previously described (Authement et al., 2016) to examine whether MD induces changes in HDAC2 expression that are limited to VTA DA neurons. We found higher levels of nuclear, but not somatic HDAC2 immunoreactivity in TH-positive cells of MD compared to non-MD rats at three AP levels within the VTA (−5.4, −5.7 and − 6 mm caudal to bregma, Paxinos and Watson, 2007, Fig. 1A , n = 6-7 per group, Somatic HDAC2: F(1,33) = 0.2709, p = .6062; Nuclear HDAC2: F (1,33) = 8.107, p = .0075, two-way ANOVA). To test whether increased HDAC2 expression translates to histone hypoacetylation that is normally associated with transcriptional repression of genes, we performed Western blot assays of VTA homogenates isolated from non-MD and MD rats to quantify acetylated histone H3 (histone H3 acetylation at lysine 9 using an antibody against Ac-H3K9). Consistently, MD-induced increases in HDAC2 expression was associated with significant reduction of Ac-H3K9 (Fig. 1B , n = 6 per group, t(10) = 2.588, p = .0135, unpaired Student's t-test). We also confirmed that the total level of histone 3 did not change following MD (n = 3 per group, non-MD: 1.054 ± 0.1534; MD: 0.9884 ± 0.06021, t(4) = 0.4005, p = .7093, unpaired Student's t-test).
3.2. MD increased synaptic levels of AKAP150 protein with significant alterations in synaptic expression of PKA but not CaN MD is associated with higher levels of AKAP150 immunoreactivity in VTA DA cells following MD (Authement et al., 2015) , however it is unknown whether the levels of AKAP150 are increased at synapses. To test this, we used biochemical fractionation to examine the synaptic levels of AKAP150, postsynaptic density protein 95 (PSD95, that is shown to colocalize with AKAP150 in complexes with AMPA receptors, AMPARs, at glutamatergic synapses), PKA regulatory subunit IIβ (PKA-RIIβ) and CaN A subunit levels in synaptosomal membrane fractions (LP1) from VTA tissue extracts. We found that MD was associated with higher synaptic levels of AKAP150 and a significant decrease in the synaptic levels of PKA-RIIβ (the total levels of PKA-RIIβ were unchanged). No significant changes were detected in the total or synaptic levels of the CaN A subunit in fractions of VTA tissue extracts from MD rats compared to those from non-MD rats (Fig. 2 A-C , AKAP-LP1: n = 4 per group, t(6) = 2.837, p = .0148; total PKA-RIIβ: n = 8 per group, t(14) = 1.538, p = .0732; PKA-RIIβ LP1: n = 4 per group, t (6) = 2.094, p = .0406; total CaN A: n = 8 per group, t(14) = 0.03334, p = .4869, CaN A LP1: n = 3-4 per group, t(5) = 0.4414, p = .3387, unpaired Student's t-test). We also did not detect any significant change in levels of PSD95 in synaptosomal membrane fractions following MD ( Fig. 2A , n = 4 per group, t(6) = 0.0866, p = .9338, unpaired Student's t-test). Quantitative in situ hybridization also revealed that MD significantly increased Akap5 mRNA expression in the VTA at three AP levels within the VTA (−5.4, −5.7 and − 6 mm caudal to bregma, Paxinos and Watson, 2007, Fig. 3 , n = 6-7 per group, F(1,33) = 13.38, p = .0009, two-way ANOVA).
HDAC inhibition reversed histone hypoacetylation in the VTA
To determine whether decreases in Ac-H3K9 levels were reversible by a single in vivo i.p. injection of CI-994 similar to in vitro application of CI-994 (Authement et al., 2016) , we performed Western blots of VTA tissue extracts from non-MD and MD rats with i.p. injection of either vehicle or CI-994. We found that the abundance of Ac-H3K9 was significantly increased in VTA tissues from MD rats treated with CI-994 at 3 h and 24 h post-injection compared to those from MD rats injected with vehicle. Consistently, histone hypoacetylation was still detectible in Western blots of VTA tissue extracts from vehicle-treated MD rats compared to those from vehicle-treated non-MD rats (Fig. 4A-C, 4C represents the quantification of the 24 h-post injection Western blot data: n = 11-12 per group, F(1,27) = 8.563, p = .0069, two-way ANOVA).
In vivo HDAC inhibition reversed MD-induced AKAP150 upregulation in VTA DA neurons
Given that MD triggered reversible changes in histone acetylation for 24 h post-injection, we next-tested whether MD-induced changes in AKAP150 expression were also normalized at 24 h after HDAC inhibitor injection. We performed a double-immunofluorescence staining technique using antibodies against TH and AKAP150 allowing us to visualize DA neurons expressing AKAP150 from non-MD and MD rats that were injected with either vehicle or CI-994 and then sacrificed 24 h after the injection. Consistent with our previous result (Authement et al., 2015) , we detected higher levels of AKAP150 immunoreactivity in TH + cells of MD + vehicle compared to non-MD + vehicle rats within the VTA. Moreover, we found that AKAP150 expression in TH Bottom: Graph shows the averaged levels of AKAP150 expression (pooled and averaged data at three AP levels for each group) from non-MD and MD rats in each group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) compared to those from MD rats injected with vehicle (Fig. 5 , n = 7-8 per group, F(1,27) = 9.902, P = .004, two-way ANOVA). Neither MD nor CI-994 altered the levels of expression of TH in the same sections (data not shown).
HDAC inhibition reversed MD-induced decreases in the levels of mBDNF protein in the VTA
Consistently, we observed that the levels of mBDNF (mature BDNF cleaved from pro-BDNF which preferentially binds and signals through TrkB) in Western blots of VTA tissue extracts from MD rats were lower than controls. Moreover, we found that MD-induced decreases in mBDNF were reversible 24 h after a single injection of CI-994 (Fig. 6 , A: n = 5 per group, t(8) = 2.55, p = .0171, unpaired Student's t-test, B: represents the quantification of the 24 h-post injection Western blot data: n = 7-13 per group, F(1,34) = 3.028, p = .0427, two-way ANOVA).
Conclusions
Early childhood adversities are associated with impaired DA function and signaling which underlie the increased risks of developing drug addiction and other stress-related disorders. The epigenetics of early life stress in relation to DA dysfunction and later-life health outcomes is of great interest considering that DA cell responses to early life stress can be epigenetically modulated during selective and sensitive windows of development. Epigenetic changes significantly impact the expression of genes controlling VTA DA neuronal function and signaling, which subsequently alter motivation and reward-related behaviors (Klengel and Binder, 2015; Palmisano and Pandey, 2017) . Previously, we found that MD triggered an AKAP-dependent metaplasticity at GABAergic synapses onto VTA DA neurons in response to spike-timing-dependent plasticity (STDP) protocols that rendered GABAergic synapses more susceptible to LTD (Authement et al., 2015) . These GABAergic synaptic modifications were reversed to normal STDP by short-term in vitro HDAC inhibition using a pan-HDAC inhibitor (sodium butyrate) or a selective class I HDAC inhibitor (CI-994) (Fig. 7) . Indeed, adverse experiences in early life, such as MD, are associated with long-lasting changes in the expression of critical synaptic plasticity-associated genes through chromatin remodeling (Levine et al., 2012; Palmisano and Pandey, 2017; Pena et al., 2017; Rodenas-Ruano et al., 2012; Roth et al., 2009; Tesone-Coelho et al., 2013; Zhang et al., 2010) . Based on this and our finding of normalization of STDP by acute in vitro HDAC inhibition, we hypothesized that MD-induced modifications in histone acetylation and HDAC2 expression in the VTA mediated MD-induced alterations in GABAergic STDP and AKAP signaling (Authement et al., 2015) . Here, we demonstrate that epigenetic mechanisms involved in MD-induced changes in VTA DA function may include HDAC2-mediated decreases in levels of histone acetylation at H3K9 in the VTA which could be restored to normal levels as soon as 3 h and up to 24 h after a single in vivo injection of MD animals with a selective class I HDAC inhibitor, CI-994. We also found that MD increased the expression of the scaffold Akap5 gene (elevated Akap5 mRNA levels) which translated to increases in synaptic levels of AKAP150 protein, suggesting MD-induced HDAC-independent transcriptional activation of this gene in the VTA. This increase in synaptic levels of AKA150 by MD was associated with lower synaptic levels of PKA-RIIβ, suggesting an MD-induced reduction in postsynaptic PKA-RII localization and probably reduced availability of AKAP150-anchored PKA at the synapse. This was opposite to our expectation as there is a positive correlation between synaptic AKAP and PKA expression. On the other hand, total and synaptic levels of CaN A, as well as synaptic levels of PSD95 in the VTA, were unaltered by MD. Consistent with this, recently generated AKAP150-deficient mice that lack PKA anchoring to AKAP150 (by deletion of ten amino acids within the PKA-RII subunit binding near the AKAP C terminus, the AKAP150ΔPKA knockin mice) have reduced PKA-RII levels in hippocampal PSD fractions and AKAP150-anchored PKA signaling. This mutation specifically reduces postsynaptic PKA-RII localization without alterations in the expression levels and localization of other AKAP-associated proteins including CaN A, GluA1 subunit of AMPARs and PSD-95 in the hippocampal synapses (Sanderson et al., 2016) . In the light of our earlier findings of the functional impairment of AKAP signaling and induction of GABAergic metaplasticity towards a calcineurin-dependent LTD, we suggest a possible dysfunctional association between AKAP150 and PKA affecting proper anchoring of PKA at the synapse which could result in the less availability of AKAP150-anchored pool of PKA at GABAergic synapses. The impaired association of AKAP150 and PKA may also lead to a biased association of AKAP150 with CaN and AKAP targeting of CaN to GABA A Rs to promote CaNdependent GABAergic LTD (MD-induced GABAergic metaplasticity as previously reported by our team) (Authement et al., 2015) . Indeed, AKAP150 interaction with CaN is found to be necessary for hippocampal LTD (Jurado et al., 2011; Sanderson et al., 2016) . Interestingly, PKA anchoring to AKAP150 also plays a critical role in induction of hippocampal LTD (Lu et al., 2008; Sanderson et al., 2016) . In a recent elegant study using knockin mice that were deficient in AKAPanchoring of either PKA or CaN (AKAP150ΔPKA knockin mice and AKAP150ΔPIX mice), AKAP150-anchored PKA was shown to transiently augment NMDAR Ca 2+ signaling during NMDAR-dependent hippocampal LTD by recruiting calcium-permeable AMPARs (CP-AMPARs). Once LTD was induced, AKAP150-anchored CaN rapidly removed CP-AMPARs from hippocampal synapses (Sanderson et al., 2016) . Whether recruitment and insertion of CP-AMPARs by the PKA-AKAP complex play a transient role in boosting Ca 2+ signaling during induction of NMDAR-dependent GABAergic STDP, and or in induction of MD-induced GABAergic metaplasticity are open questions that merit further investigation. Since AKAP150 was upregulated by MD, we hypothesized that the rescue of normal AKAP150 signaling in MD rats by HDAC inhibitors may occur through the reversal of HDAC2-mediated transcriptional changes in the expression of AKAP150-interacting proteins (such as PKA) or signaling molecules upstream to AKAP150 that are necessary for proper functioning, interaction or assembly of AKAP150-anchored complexes of signaling molecules together with their targets at the synapse.
BDNF signaling through its receptor tyrosine receptor kinase B (TrkB) affects neuronal excitability, synaptic transmission and synaptic and structural plasticity. In addition, its expression is regulated by neuronal activity (Jia et al., 2008; Russo et al., 2009) . Upregulation of BDNF expression is a common finding after the administration of many drugs of abuse in the mesolimbic system particularly during prolonged drug withdrawal (Kauer and Malenka, 2007; Thomas and Malenka, 2003; Vargas-Perez et al., 2014; Vargas-Perez et al., 2009) . In contrast, a counteractive and opposite role for BDNF is also proposed where suppression of BDNF signaling in the VTA promotes the rewarding effects of opioids (Koo et al., 2012) . Early life stresses can induce longlasting alterations in BDNF signaling through epigenetic modifications of BDNF expression in the brain. Both increases and decreases of BDNF gene expression in different brain regions through such mechanisms have been shown following early life adversity (Daskalakis et al., 2015; Roth et al., 2009 ) so we hypothesized that HDAC-mediated transcriptional repression of genes important for synaptic plasticity, such as BDNF, in the VTA might occur in MD rats. We also found that MD decreased the levels of mBDNF protein in the VTA and this decrease was reversed by in vivo HDAC inhibition. Recent evidence also emphasizes the transcriptional regulation of the Bdnf gene through histone modifications including Ac-H3K9 that also involves HDAC2 (Chen and Chen, 2017; Chen et al., 2003; Wang et al., 2014) . Therefore, we assume that MD increased-HDAC2 expression could lead to transcriptional repression of Bdnf gene through increased HDAC2 occupancy at Bdnf promoters and histone H3K9 deacetylation in the promoter region of specific Bdnf exon/s thus mitigating the synaptic dysfunction induced by MD in the VTA (Fig. 7) . Activity-dependent changes in synaptic concentrations of AKAP150 are shown through BDNF-TrkB signaling regulation of ubiquitination of AKAP150 (Jia et al., 2008) . Although it is possible that decreases in BDNF expression following MD-induced changes in VTA neuronal activity dysregulates the ubiquitin proteasome system to increase synaptic levels of AKAP150, given the complexity of mBDNF signaling and the myriad of actions of mBDNF it is more likely that mBDNF signaling engages signaling molecules and scaffold proteins interacting with AKAP150 to mediate MD-induced metaplasticity in a complex manner. MD also increased Akap5 expression in the VTA; we assume that the increased expression of AKAP150 and altered AKAP150-anchored signaling in VTA DA neurons by MD may also be related to HDAC2-mediated epigenetic modifications leading to downregulation of a transcriptional repressor that prevents transcription of Akap5 gene upon activation. In summary, possible HDAC-mediated epigenetic regulation of BDNF-and AKAP-dependent signaling within VTA highlights the potential power of HDAC inhibitors for prevention of VTA DA dysfunction associated with later-life psychopathology. Proposed epigenetic mechanisms supporting MD-induced synaptic modifications in the VTA. MD induces GABAergic metaplasticity in VTA DA neurons through disruption of AKAP150 signaling that renders GABAergic synapses more susceptible to LTD. Our recent findings show that MD increases HDAC2 activity in VTA DA neurons and reduces Ac-H3K9 in the VTA. MD also increases synaptic levels of AKAP150 protein in the VTA with accompanying decreases in synaptic levels of PKA and the levels of mBDNF protein in the VTA. In vivo systemic injection with a selective class I HDAC inhibitor is sufficient to reverse MD-induced histone hypoacetylation and to normalize the levels of mBDNF and AKAP150 proteins in the VTA at 24 h after the injection. Our model suggests that HDAC2-mediated targeting of mBDNF could decrease mBDNF signaling through its receptor tropomyosin receptor kinase B (TrkB). We hypothesize that the reduced local BDNF signaling in turn decreases AKAP150-PKA association and AKAP-dependent PKA anchoring at GABAergic synapses while enhancing AKAP150-CaN association that favors the induction of LTD in VTA DA neurons. These epigenetic and synaptic modifications induced by MD could then affect DA neuronal excitability and DA release in VTA projection areas. → means excitation and ┤ means inhibition.
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